We established a new method for evaluating quantitatively the silicon atomic displacement as a function of the depth from the surface induced by arsenic implantation into a silicon wafer. A simulation based on a convolution integral was developed successfully to reproduce the experimental depth profiles of isotopes in the arsenic-implanted 28 Si/ 30 Si isotope superlattices, from which the average distance of the silicon displacements due to the collisions with implanted arsenic is obtained. We show that it takes the average displacement of $0:5 nm to make the structure appear amorphous by transmission electron microscopy. #
A rsenic (As) implantation, which is widely used for the formation of shallow junctions in silicon (Si) nano-transistors, induces radiation damages that can significantly affect the redistribution of dopants during postimplantation annealing. Therefore, the relation between the distribution of implanted As and damage in crystalline Si has been studied extensively. [1] [2] [3] [4] [5] [6] [7] While the depth profiles of As impurities are routinely measured by secondary ion mass spectrometry (SIMS), 8) a quantitative method to directly evaluate the average distance of the Si atomic displacements associated with the implantation does not exist. The ionchanneling and cross-sectional transmission electron microscopy (XTEM) can only estimate the fraction of the Si atoms displaced from the substitutional sites in the single-crystalline region.
2) Such evaluation becomes almost hopeless in the amorphous region induced by the implantation. The present letter reports a method to evaluate the average distance of the Si displacements as a function of the depth from the implanted surface both in the amorphous and single-crystalline regions. Our statistical analysis of the perturbed Si isotope profiles measured by SIMS allows determination of the displacement with the accuracy < 1 nm, which is significantly better than the direct determination by SIMS. We find that the Si displacements vary significantly even within the region that appears ''uniformly amorphous'' by XTEM. The critical displacement ( c ), which we define as the displacement at the interface of the single crystalline and amorphous regions observed by XTEM, is Fig. 2(a) ]. Note that the actual interfaces between 28 Si and 30 Si layers are abrupt (the degree of intermixing is only two atomic layers) 9, 10) and the smearing of the 28 Si and 30 Si profiles is due to the so-called SIMS artifact (knock-on mixing, etc.). On the other hand, as shown in Fig. 1(b) , the same energy but a factor of one hundred times higher dose of implantation of 1 Â 10 15 cm À2 leads to perturbation of Si to obtain quantitatively the characteristic length of Si displacements as a function of the depth (x) from the implanted surface.
Here C bef{imp ðxÞ and C aft{imp ðxÞ represent the concentrations of 28 Si and 30 Si in the Si isotope superlattice before and after implantations, respectively. gðxÞ is a Gaussian function:
ðxÞ is the distance of the displacement as a function of the depth x:
where k, c, and d are the parameters of peak amplitude, peak position, and peak width, respectively. It is known that the distribution of the displacement of atoms in solids by ion implantation can be approximated by Gaussian except for the tails.
11) The values of k, c, and d are determined by direct comparison with the experimentally obtained depth profiles of the implanted sample. Figure 2(a) shows the depth profiles of 28 Si and 30 Si in the Si isotope superlattice before implantation measured by SIMS. Figure 2(b) shows the depth profiles in the implanted sample [the same ones as shown in Fig. 1(b) ]. We simulated the profiles in Fig. 2(b) in the following manner. First, we reproduce the profiles of the as-grown sample that initially has rectangular isotopic profiles [ Fig. 2(a) ] using the mixing roughness information-depth (MRI) model. 12) This model includes atomic mixing (w) and surface roughness (s) for the theoretical description of the depth resolution function for SIMS profiles. The change of the concentration C with sputtered depth x is given by
where C 0 ðx þ wÞ is the original unaltered concentration of C at a distance w in front of instantaneous surface at x. The roughness is taken into account by superposition of a normalized Gaussian broadening as described by
with the standard deviation of s. From this analysis, we obtained w ¼ 2:5 nm and s ¼ 0:7 nm to correct for the SIMS artifact. These parameters (w and s) are used to simulate the SIMS profiles after ion implantation [ Fig. 2(b) ], as mentioned below. Next, the convolution integral [eqs. (1)- (3)] is applied to the rectangular isotopic profiles, and then, the convoluted profiles are broadened using the MRI parameters obtained above to reproduce the profiles in Fig. 2(b) . We choose the appropriate set of values k ¼ 2:7 nm, c ¼ 13 nm, and d ¼ 14 nm in eq. (3) so that the convoluted and broadened profiles are comparable to the SIMS profiles after implantation. This allows us to plot the distribution of the Si displacement ðxÞ as shown in Fig. 2(d) . The maximum displacement of 2.7 nm was induced by the implantation at 13 nm from the surface, which is shallower than 19 nm where the implanted As concentration becomes maximum as shown in Fig. 1(b) . Figure 2 (e) shows the XTEM image of the same implanted sample with the depth scale being the same as Figs. 2(a)-2(d). Due to the implantation, amorphization occurred between the surface and $38 nm in depth, while the deeper region (x > 38 nm) remained single-crystalline. Note that the periodicity of 28 Si and 30 Si remains even in the amorphous layer at x ¼ 20 { 38 nm. We define c as the critical displacement occurring at the interface of the amorphous and singlecrystalline regions in Fig. 2(e) . This occurs at x $ 38 nm with the value c $ 0:5 nm, i.e., a displacement of approximately three times the Si{Si bond length. The ðxÞ > 0:5 nm region appears ''amorphous'' by XTEM. However, even within the region x < 38 nm that appears ''uniformly amorphous'' by XTEM, the displacement varies significantly as shown in Fig. 2(d) . Thus, ðxÞ provides the quantitative estimation of the degree of disorder in the implanted region.
To show the coherency of the analysis and significance of our finding, Fig. 3 shows the same analysis performed with two different implantation conditions.
13) The solid curve in Fig. 3(b) shows the Si displacement determined by using k ¼ 0:56 nm, c ¼ 13 nm, and d ¼ 14 nm to reproduce the experimental data in Fig. 3(a) . The XTEM in Fig. 3(c) shows two crystalline regions, near surface (0 -3 nm) and deeper than 24 nm regions, and the amorphous region is sandwiched in between (3 -24 nm) . The displacement at the depths of 3 and 24 nm where the transition between crystalline and amorphous occurs, coincides exactly with the critical displacement 0.5 nm found in Fig. 2(d) . The structure becomes amorphous (as determined by XTEM) only when the displacement exceeds the critical length of 0.5 nm. This also holds in another condition shown in Figs. 3(d)-3(f) , where As ions are implanted at higher energy, 60 keV, making the structure amorphous from the surface all the way to $70 nm. We obtained k ¼ 1:6 nm, c ¼ 25 nm, d ¼ 25 nm, and the displacement at $70 nm shown in Fig. 3(e) is 0.5 nm.
In summary, we demonstrated the direct observation of the Si atomic displacement induced by As implantation using Si isotope superlattices. A simulation based on the convolution integral was developed successfully to reproduce the experimental SIMS depth profiles of Si isotopes in the As-implanted sample. We showed that it takes the average displacement of $0:5 nm to make the structure appear amorphous by XTEM. Incorporation of ðxÞ into the next generation complementary metal oxide semiconductor process simulator may prove to be useful for the improvement of the simulation reliability. 
